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“The Ph y s i c a l  and C h e m i c a l  C h a r a c t e r  izat ion of

E l e c t r o ch i em ic a l l y Reformed S i lver  S u r fa c e s ”

John F. Evans , M. G ran t  A l b t e c h t , D a l e  M.
U l l e v i g  and Rober t  M. Hex te r

t I ) epa  r t m en t  ut Chemist  rv , U n i v e r s i t y  of M inneso ta ,
Minneapol i s , MN 55455 USA)

Abs t r ac t

The t ’ f t e c t s  of electrochemically oxidizing and reducing PolYcrYStallIIW

s i l v e r  t o i l s  in aqueous  c h l o r id e  s o l u t i o n s  are studied from a p hy s i c a l  and

ch e m i c a l  s tand p o i n t .  Scann ing  e l ec t ron  mic roscopy  i nd i c a t e s  t h a t  t h e  result-

ing  s u r f a c e  is e x t r e m e ly  roug h , c o n s i s t i n g  of nodu la r  forma t ions .  Auger

e l e c t r o n  spec t roscop ic , secondary ion mass s pec t r o met r ic  and e l e c t r o c hem ic a l

resil i t s  p rov ide  c l e a r  i n di c a t i o n  tha t a hig hl y purl  f l ed  l ay e r  of metal lie

s i l ve r  of increased s ur f a c e  area and a c t i v i t y  is produced by the e l e c t r o —

c h e m i c a l  re forma t ion process . No evidence is found fo r  the r e t e n t i o n  of

i n te ns e  Raman scat t er e r s  such as py r i d in e  at  these s u r f a c e s  under u l t r a -

h i g h  vacuum c o n d i t i o n s .  The imp l ica t ions  of the chemical  and p hy s i c a l  s t a t e

of t he  r e fo rmed  s i l v e r  f o i l s  is d iscussed in the c o n t e x t  of t h eo r i e s  w h i c h

have bee n proposed to e x p l a i n  the  anomalousl y i n t e n s e  spec t r a  of Rama n

scat t e r e r s  adsorbed f r o m  s o l ut i o n  onto  these reformed s i l v e r  s u r fac e s . 
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Recently there have appeared several reports of anomalously intense Raman

spectra of molecules and ions adsorbed at electrochemically prepared silver

surfaces [1—12]. For the majority of these studies an electrochemical pretreat-

ment has been required to obtain optimal intensity in the Raman spectrum of the

adsorbate [1—7 , 10—12]. These observations (primarily but not exclusively in

the case of pyr idine adsorbates) have led to the proposition of several different

theories to account for this phenomenon, most of which have assumed that the

adsorption of the scattering molecule (or ion) takes place at a pure silver

su rfa ce of fla t topography (relative to the wavelength of exciting radiation).

These assumptions have prompted a thorough physical and chemical characterization

of such surfaces in order to provide , insofar as possible , a basis for f urther

theoretical considerations . We report here the results of these studies in which

we have restricted the investigation to polycrystalline silver foil substrates

prepar ed by electrochemica l cycling in aqueous potassium chloride.

The elec trochemical procedure consists of first anodizing the surface to

genera te a silver chloride layer , followed by its reduc tion, pr esumably to y ie ld

a reformed layer of pure silver. The mechanism by which this reformation process

occurs may be summarized by the following sequence of dissolution , comp lexat ion ,

transport and deposition after Katan , et al [13]:

Ag
~~~

Ag+ + e ’ (I)

Ag~ + (n+l)C1 ~ A~Cl’~~~1) (2)

A~Cl
(~~ 1) ~ AgCl (s) + n Cl~

The sequence 1 — 3 represents the anodization process while the reverse represents

cathod ization . It should be noted that for either process the dissolution site

and deposition site are different and that there is evidence for preferential

nucleation sites [13].
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Scanning electron microscopic (SEll) studies were carried out to provide

information regarding the topography of the reformed surface. Controlled poten-

t ial electrochemistry has been utilized to probe both the physical and chemical

changes associated with the reformation process. The surface sensitive

techniques of secondary ion mass spectrometry (SIMS ) and Auger electron spectro—

scopy (AES ) were emp loyed to provide more direct chemical information about

the reformed silver surface. Depth profiling using both AES and SIMS detection

has allowed for the evaluation of variation in elemental composition at the

ref ormed sur fa ce , In the “bulk” of the reformed layer , at the interface be tween

th e reformed layer and the unmodified substrate , and in th e bulk of the

substrate .

~~~~~~~~~~ imenta1

Reagents. The solvent used was deionized water further purified by double

distilla t ion from potassium permanganate and stored In previous ly leached

glassware . High purity (99.99+Z) polycrystalline silver foil was the substrate

for all experimen ts (see Sample Prepara tion ). Potassium chloride , potassium

perchiorate and sodium chloride were analytical reagent grade and used as

received . Nitrogen , oxygen and argon were ultrahigh purity grade . Pyridine

was reagen t grade and used as received.

Apparatus. Two ultrahigh vacuum Instruments were used in this study. The

firs t,a 3M SIMS spec trometer,was used for recording static SIMS spectra [141

and dep th profiles employing SIMS detection, since it was equipped with a raster—

able Ion gun in which the sputtering gas could be directly introduced into the

Ion gun source. This allowed for dynamic pumping of the samp le chamber during

static SIMS experiments using ion pumping augmented by a liquid nitrogen cooled

____________________________________________ - — .

~~~~ - —
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crv opanel. As such, the partial pressures of residual gas contaminants were

m inimized during analysis . A second instrument , a Physical Elec tronics

Industries Model 548 ESCA/Auger electron spectrometer equipped wi th an Extra-

nuclear quadrupole (2-1000 amu range),was used for multi—techni que ana lyses .

AES , dynam ic SIMS and depth profiling using AES detection were recorded using

t h i s  Instrument which emp loyed a fixed beam, variably focusable ion gun.

Sputtering was carried out in a back—filled mode. The sputtering gas was in

all cases argon .

iloth surface analysis facilities were equipped w ith signal averaging

cap .ibilitv. During all SIMS analyses ion counting was used . Auger spectra

were recorded in a non—retarding analyzer mode using analog de tec tion and a

1 eV modula tion amp litude . As discussed in the text , minimal power in the

focused primary beam (1 KeV at 5 LIA targe t current) was used for most AES

analyses. For each samp le so analyzed changes in the AES spectra were monitored

as .i t u n c t i o n  of electron beam exposure , and AES peak in tensity ratios were

calculated by extrapolation to zero exposure time . The base pressure for all

analysts was 1 ~ 10_ i tort. This vacuum was attained without bakeout to

insure that annealing and diffusion effects in the silver samples were minimi zed.

scanning electron microscopy was conducted using a JOEL JEM—l0O cx/ASID -4D

w i t h  an ultimate resolution of 30 K. Samples to be examined via SEN were removed

t ram th e electrochemical cell , briefly cleaned ultrasonically in doubly dis tilled

wate r , and allowed to air dry .

All electrochemistry was carried out using a three electrode potentiostatic

system . The electrochemical cell was a closed vessel designed such that the

ri tcren e~ elec trode (Ag/AgC1 , 1.00 M KCI) probe was centrally placed normal to

the plane of the working (Ag foil) electrode at a distance of  ca 0.1 in from

-—-.S-—

~

—-

~
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- - - -,--

~~
- - ~~~

-.



— — - --- -

— 5 —

its face. The platinum auxiliary electrode was located in a separate compart—

ment. This configuration allowed for minimization of lateral variation in

applied potential thus promoting optimally uniform film growth. All working

electrodes were 1.54 cm2 in area. Deoxygenation of electrolyte was accomplished

by purging nitrogen through the medium pore glass frit separating the auxiliary

and electrolysis chambers. Oxygen saturation of electro1yte was accomplished

in a similar manner .

Sample Preparation. Tables I and II summarize the details of the prepara-

tion of the various sample types .

~~~~vv~~~~~~~~~~ 1~~~

Al though controlled potential electrochemistry in the context of the present

study has been utilized as a preparative technique employed to generate anodized

and reformed silver films, there are several electrochemical observations which

are pertinent to the understanding of the physical and chemical nature of these

electrochemically modified silver surfaces. From a physical point of view , cyclic

voltammetric responses provide a means of estimating the change in electrode

capacity (in the double layer potential region) as a consequence of the reforma—

tion process. In terms of the chemical nature and activity of the silver film

formed by electrochemical cycling procedures, we have found that an examination

of the electrochemical current—voltage responses for the reformation process

itself in the presence and absence of oxygen, as well as the voltammetry for

oxygen reduction at mechanically abraded and reformed silver surfaces, to be

particularly informative.

The cyclic voltanunetric responses recorded during the reformation process

are shown in Fig. 1 for the case of an oxygen—free solution and one in

-.5 -—~~~~~~-. -~~~~~~~~~~~~~~ 5.-~~~~~~~~~~- 
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which the solution was saturated with oxygen (0.3 inN , [15]). Although the curves

are virtually identical during the anodization step, a distinct excess of

cathodic charge pass3~ c is evident in the case where oxygen is present in the

electrolyte. Furthermore , the current transient here does not return to zero

after the majority of the silver chloride has been reduced to the metal at

ca —0.3 V. This result strongly imp licates the existence of a chemical oxida—

t i on  pa thway fo r  s i lve r  chloride f o r m a t i o n  which is opera t ive  in para l le l  to

the electrochemical process (anodization), and this chemical pathway involves

oxygen either directl y or In a reduced form such as H202. This conclusion Is

substantiated by the various surface analyses discussed below .

The cyclic voltammetry of 02—saturated 0.1 M KC1 at a mechanically

abraded silver foil (type A sample, Table 2) Is given in Fig. 2, curve B in

which the potential excursion is confined to the double layer region (as shown

by the background voltammogram , curve A). A broad irreversible wave for the

reduction of oxygen~ is found wi th a peak potential at —0.55 V. Following the

electrochemical reformation process , the peak potential for the oxygen reduction

process is shifted anodically (Fig. 2, curve C) to —0.40 V under the same solu—

don Londitions. This shift of some 150 mV provides clear indication of the

increase in the number of electrocatalytic sites for oxygen reduction on the

reformed surface compared to the mechanically abraided foil. Examination of

the voltanunetric behavior of these same electrodes in oxygen—free solution at

higher curren t sensitivity shows that the charging current on the reformed surface

~There is currently considerable disagreement regarding the mechanism of oxygen
reduction , particularly as to the number of electrons involved in the ini tial
step. Certain arguments favor the initial monoelectronic reduction of molecular
oxygen to form superoxide radical anion (0~~) which is rapidly protonated and
disproportinates to yield hydrogen peroxide and molecular oxygen. Others favor
a scheme in which there Is direct two electron reduction heterogeneously to yield
hydrogen peroxide. For detailed discussions see references [16—19].

-—-- .5 ~- - . _-. ~~~_ - .--
~~
--.-,- —.5
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is ca 3 — 4 times larger than that found on the mechanically abraded electrode

In agreement with the observation of Clles [20]. It is reasonable to assume

tha t this change in charging current arises primarily as a consequence of a

much increased surface area in the case of the reformed surface.

Scanning electron micrographs at moderate magnification show the reformed

surface to be significantl y altered during the electrochemical cycle (Fig. 3).

the reformed silver surface is composed of nodular deposits [13 ,17,211 which

grow three—dimensionally (13 ,20] during the reduction of the anodically generated

silver chloride film. At low values of charge passed (50 mC/cin2), the reformed

silver does not comp letely cover the foil substrate as shown in Fig. 3A. While

.~ calculation based on the bulk density of silver would lead one to predict such

a layer to be ca 500 A thick if uniform lateral growth prevailed , it is apparent

from the above micrograp h that the growth of the reformed layer has proceeded

at preferred sites in a non—uniform manner with nodule heights and lateral spacing

ranging from ca 6000 to 10,000 K. When higher amounts of charge are passed

(500 nC/cm2 , Fig. 3B) the nodule size appears to remain relatively constant ,

while the gross spacing between the nodules decreases to ca 3000 A on the average .

At hi gher magnification (Fig. 3C) inter—nodule clefts and boundaries [13]

become more apparent , suggestive of the growth of nodules both on top of and

0
into one another. These clefts are on the order of 50 — 100 A across, and

they may be involved in the capillary condensation model recently proposed [22)

to account for the observed potential step Raman spectroelectrochetnistry [6] of

p y r i d in e  a t  t h i s  reformed su r f ace .~

~Smal1 pores of diameters less than the resolution of the SEN (<30 A) may also
contribute to this phenomenon.

.5 -~~~~~~~~~~~~~~ -—, ---— - -~~~~~~~~~~=~~ - -—— . 5-
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I t  should  be noted t h a t  when even thicker layers (7500 mC/cm 2 of charge

passage) are suh~ ected to prolonged ultrasonic treatment (1 — 4 h) in water ,

some ct  t h e  nodules  become separate f r o m  one another and are physicall y shaken

f ron the  s u r f a c e , t h e  sma l i c r  ones f o r m i n g  r e l a t i ve ly  s t a b le  c o l l o i d a l ~;us—

pensions. Since  t h i s  was n o t  the case f o r  the  thinner re formed surfaces

(~ O m~Ycnr), it is proposed t h a t  the  i n t e r — n o d u l a r  c l e f t s  are q u i t e  deep . In

no cases were crv stallites observable in  the reformed layer [ 13] .  It.  is con-

c e i v a b l e  t h a t  m i n u t e  d e n d r i t e s  or needles were  p resen t  i n i t i a l ly on the

nodules  im me d i a te ly  a f t e r  t he i r  f o r m a t i o n , bu t  t ha t  e i t h e r  during removal  f rom

the  e l ec t r o c hem i c a l  ce l l , t r a n s f e r  to the SEN or examinat ion  v ia  SEN th is

s t r u c t u r e  co l l apsed  to t h a t  w h i c h  is observed . However , we stress that if

such s u r f a c e  s t r u c t u r e s  do e x i s t  and collapse when the surface is disturbed ,

t hey  are a p p a r e n t l y not  r equ i red  f o r  the observation of enhanced Raman scat ter-

ing int e n s i t i e s  fr on t  adsorbed molecules , since the re formed  s u r f a c e  may be

removed f rom t h e  e lec t rocheinica l  cell and s t i l l  exhibit the enhancement

p henomenon [7 ] .

~3.3 Auger Electron Sp ec t rcscooy

The AES s p e c t r u m  of a f r e s h l y prepared , mechanica l ly abraded silver f o i l

(Fig. 4) shows relatively high levels of sulfur— , chlorine— and oxygen—

containing contaminates as well as trace carbon contaminates levels , all of

wh ich can be completely removed by brief argon ion etching. If such a foil

is subjected to the electrochemical reformation process and rinsed with water ,

hi gh levels of KC1 contamination from the electrolyte are noted (Fig. 5).

The reformation procedure also results in considerable diminution of the

surface oxygen content and near—elimination of carbon contaminates. If an

analogously prepared reformed surface is briefly washed ultrasonically in

- — - — —. 5- —~~~- . — - -~~~~~~~~~~~-~~~~~~~,—,~~~~~-- - - —.5- -5- , -  -— —.5- - - .--- 
- -

~~~~~-
--

~~~~~~~~~~~~~~ -~~~~~
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water to remove r e s idua l  KC 1 , the AES s p e c t r u m  of the r e su l t ing  s u r f a c e

(Fig. 6) indicates that the KC 1 deposi ts  have been efficiently rei~~ved by

tLi s procedure. ~e therefore conclude that the KC1 was probably tLapp ed in

the porous network discussed above. There still remains , however , a high

level of surface chlorine , probably In the form of AgCI. (see below). Surface

oxygen content is also noted to decrease to a nearly undetectable level

after ultras onic washing , indicating that the previously observed oxygen con-

taminate (Fig. 5) is predominantly water retained in the KC I. deposits. It

should be no t ed that the sulfur containing contaminates always observed on the

mechanically abraded surface (Fig. 4) have been eliminated as a consequence

of the electrochemic al reformation cycle.

It was of interest to compare the AES peak— to—peak intensity ratios found

fo r hulk silver chloride to those found for the residua l AgCl on the reformed

surfaces , such that an estimate of the thickness of the silver chloride film

in the latter case might be made. In attempting to obtain a standard reference

spectrum of silver chloride formed anodically in aqueous KC1 (Fig. 7) it was

noted tha t electron beam damage was prevalent. Consequently, the pr imary bean

energy and current density were red uced for AES analyses and all samp les wer e

repetitively analyzed as a function of time . Such a procedure for thick

(c a  5000 K) AgC1 films Is compared in Fig. 8 to a depth profile obtained

using 1 KeV argon ion etching . It is clear that although a steady s tate Cl/A g

ratio is attained more rapidly in the ion—bombarded example (curve A), this

ratio is approached when the sample is subjected to electron beam exposure

alone (curv e B). Extrapolation of either damage profile to zero time permits

an accurate evaluation of the AES peak—to—peak Intensity ratios.

~~~lI._ . ~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~ .~~~~~~~~~~ : — . - - . _ ~~~~ _ —.~~~~ ——--.. -—-—--.5 
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The presence of a high chlor ide level on the reformed silver sur f a ce was

not anticipated , and as a consequence considerable attention was given to the

determination of possible sources of the AgC1 found on the surfaces. The results

of these experiments are summarized in Table 3 where the AES intensity ratios

have been corrected f or damage as discussed above. No elements other than those

listed in Table 3 were detectable . These data suggest that the source of

residual AgC1 on the reformed surfaces arises from the simultaneous exposure

F , of silver surfaces to oxygen and aqueous chloride . (Compare sample types G—I

with J , K.) Although the residual AgC1 level was suppressed by excluding

oxygen during the preparation of sample types C and J, the formation of some

AgC1 could not be completely prevented. The electrochemical reformation process

is not prerequisite to the observation of AgCl, and therefore it must be assumed

that the AgCl is not a consequence of incomplete charge recovery during the

reduction step of the reformation procedure.

ilydrogen peroxide is a significantly more effective oxidant for silver than

is dissolved molecular oxygen, since the Cl/Ag intensity ratio for peroxide

treated samples is essentially the same as that found for the anodically grown

AgCl control. Both this control and the peroxide treated sample are exceptionally

clean——silver and chlorine being the only detectable elements. On the other

hand , it should be noted that although AgCl is formed to a certain extent when

mechanically abraided silver surfaces are exposed to aqueous chloride solution ,

significant sulfur and carbon contamination persist. More prolonged ultrasonic

treatment of these foils in chloride solution saturated with oxygen did not yield

lower aulfur and carbon contaminate levels, and this may indicate 1 that these

5Unfortunately, the gross difference in surface topography does not permit a mean-
ingful quantitative comparison of the Cl/Ag ratios found for these surface types.

~~TTT.* ~t T ~T s1M ~
:, •ar TiM~mIc 11F~ ~~~~~~ -.
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contaminates protec t certain silver sites from oxidation by molecular oxygen

followed by AgCl formation.

.
~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~

Owing to its vastly increased sensitivity over AES , the SIMS technique was

utilized to further characterize the reformed silver electrode surfaces , in

order to facilitate the presentation of positive ion SIMS (POSS1MS) and negative

ion SiMS (NECS IMS) data , the appropriate rn/c peak assignments are given in

Table 4. The SIMS results are generally supportive of those obtained using

AES, although trace levels of species not detected by AES are readily observed

u~ 1ng SIMS. While examination of the various surfaces by the SIMS technique

was easily carried out in the static mode [14], it was found that  the low

ion y i e l d s  f or subsurface regions of either the reformed layer or bulk silver

foil required higher primary beam current densities (dynamic SIMS conditions).

The static POSSIMS and NECSIMS spectra of an anodically grown AgCl film

are shown in Figs. 9A and 9B, respectively. These spectra indicate that trace

impurities of sodium , aluminum , potassium , chromium , iron, copper , oxygen ,

fluorine and bromine are present on the electrochemically generated AgCl

surface. Hydrocarbon contamination is low and sulfur contam inates , if present ,

are below detectable levels in contrast to their prominence in the NECSIMS

spectra of mechanically abraded foils. AgCl’~ and Ag2Cl+ clusters are readily

observed . On the other hand , clusters indicative of the formation of silver

oxides during anodization (e.g., AgOH+ which is readily observed at 0.2 times

the Ag’
~ peak height in POSSIMS spectra of foils anodized in aqueous per—

chlorate solutions) are distinctly absent. It is interesting to note the pres—

ence of peaks corresponding to the Cl2 species in the NEGSIMS spectrum , since
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this species must  .ir ise from a recombinat ion or rearrangement process during

sputt ering [2 .3 1.

:\ samp le  wh I eli was sub let ’ ted to both anodization and c a thod I zat ton , m i t  not

ui rason jea liv t’leancd in water prior to static SIMS , showed the antic ipated

(from AES) hig h levels of clusters such as ~~~~ K~C 1” ~~~~ and KAgC1~
’ 

In the

posit i ye  ion spec t rum (Fig. b A )  . Analogous spec I es were observed with sod turn

rep I ac tu g  po ta ss  j un i n  these  clusters when the  elect rd y te  was aqueous sod i um

chloride instead of t he  p o t a s s  ium s a l t  ( ty p e  F sample , T hb l e  2) . The N ECSIKS

spec t rum ( F i g.  l O B )  m d  I t ’;l tes lower l eve l s  of f l u o r i n e  c o n tam i n a t e , h igher

h y d r o c ar b o n  c on t e nt  and bromine  Is present  at a level near lv  two orders of magni-

t u d e  h i g h er  t han  on t h e  samp le which  had undergone a n o d i z a t i o n  onl y .  Severa l

unique c l u s t e r s  are observed in the  n egat ive  ion spec t rum as we l l , such as

( ‘ I R r , K Cl~ and AgCN . S i m i l a r  ~ossr~s and NEC SIM S spectra  were recorded (or

- ‘  KCI— cont.iin iiia ted f o i l  ( t y p e  B s amp le , Table 2 ) .

R e t  ormed s i l ve r  s u r fac e s  sub je c ted  to u l t r a s o n i c  c leaning pr i o r  to  St  ~1t ic

SiMS . ,n a i v s  is y i e ld spectra which arc  q u i te  d i f f e r e n t  f rom those observed f or

samp i  t~S w h i c h  were not  ci  caned in t h i s  f a s h i o n  p r i o r  to a na ly s i s,  in the  POSS IMS

apt ’ .’ t rum ( F i g .  I i  A)  t he po t a s s ium peak is dim in ished 1w two orders of magnitude

and the  potass ium—containing c l u s ter s  are a b s e n t .  Copper c o n t a m i nat i o n  is found

o be n o t a b ly  h i g h e r ;  indeed , an AgCu + c lu s t e r  is d e t e c t e d . Presumably  th i s

t t )nt.llni natc has i t a source  cit icr in the w a t e r  or the electrolyte or both , and

is e l e c t  r odt .’pos i t  ed d u r i n g  t he  cathodic sweep of t he  d c c  t rochemica  I cvc 1 e.

flit ’ presence of A gC 1 Is noted by the appearance of Ag2C 1+ clusters in the PO SSIMS

sec t rum . The pr m ary distinc t Ion between the nega t ive  t on  spec t rum for  t h i s

s.iml) It’ (Fig. 11 1~) and he prt’v b u s  ease (no u l  t rasoni t ’ wash) is the  significant

reduc ( Ion in t h e  Intensl ( V  0 the  b r o m in e  peaks . T u b s result points to the

__________________ — - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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electrolyte as the source of bromide contamina t ion . Chlorine peaks dominate

the NEGSIMS specuom of this sample , again confirming the existence of AgC1

on the reformed surfaces as noted in the AES analyses.

In that one purpose for undertaking this study was to chemicall y character-

ize the reformed silver surface as it relates to the anomalously Intense Raman

scattering intensities for solution adsorbates such as pyridine , several samp les

were prepared in which pyridine was incorporated in the electrolyte used during

the elec trochemical treatment . Under no circumstances were NECSIMS or POSSIMS

peaks detected which could be attributed to pyridine or silver—pyridine corn—

p lexes analogous to the argentated species recently reported for p—aminoben zoic

acid adsorbed on silver [24]. Moreover , dosing of sputter—cleaned silver foils

with pyridine in the SIMS apparatus also did not yield such species . This

suggests that the Interaction of pyridine w ith silver metal is due to phys ical

adsorp ti on , which allows for the facile removal of surface pyridine under UHV

conditions.

For the purpose of comparing the composition of the reformed layer with

tha t of the bulk foil prec ursor , dynamic SIMS conditions (7.5 pA/cm 2 primary

ion beam current density) were required owing to drastically reduced ion

yields. This reduction in ion yield (and most likely sputter yield ) has two

possible origins [25]. The first is the diminution in the silver surface sites

wh ich are in an oxidized form. The second is the formation of cones during

sputtering into the reformed layer or the bulk foil (Fig. 12).

The POSSIMS and NECSIMS spec tra observed after sputtering into the reformed

layer are given in Figs. 13A and 13B, respectively, and the corresponding spec t ra

for the bulk foil are Figs . l4A and 14g. There are several important distinc-

tions between the two cases. For the Ct ( species the peak intensity is ca three

____________________________ —— -. ~~~-~— - .  ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~
‘— -.
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t imes larger in the bulk foil. While sulfur is readily observed in the bulk

f o i l , it cannot he noted in the negative ion spectrum of the reformed layer.

The rn/c 27 peak in the positive ion spectrum (Al
+ or C2H .3

+
) is notably higher

in the case of the foil (ca a factor of four). With the exception of sodium ,

po tassi um , chromium , iron and fluorine, which are found to be at approximatel y

th e same level in both sample types , all othe r species show higher intensity

peaks In the reformed layer. These include oxygen and C, at ca twice t he

levels fo und in the bulk ; Cu+, Ag~ and Cl at ca ten times that observed in

the bulk and 8r at ca a thirty—fold higher level than in the bulk.

is detectable in the POSSIMS spectrum of the reformed layer , but is absent in

the corresponding data for the bulk foil.

In summary, the SIMS results confirm the AES analyses, and they prov ide

furthe r indication (due to the sensitivity of the techni que) that the electro—

chemica b reformation procedure is extremely effec t ive In purifying the si lver

foil electrodes . Those surface contaminates which are detectable on the

reformed layer via SIMS are attributable to either trace solution impurities

or silver halides which result from the Interaction of oxygen with the silver

surface in the presence of soluble halide ions. Furthermore , it is suspected

that the members of this latter group of surface species are not likely to be

present when the reformed electrodes are poised at cathodic potentials ,

exc ep t possibly at extremel y low s teady state coverage when oxygen is present

In the electrolyte solution. Of primary importance is the elimination of

sulfide and cyanide surface species which would block the physisorp t ion of

the Raman sca tt erers of interes t , e.g., pyridine.

.5 

~~~~~~~~~~ :~ ‘ —— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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To determine if the presence of high concentrations of oxygen in the

electrol yte solution during the reformat ion procedure gives rise to a sub—

stantia lly hi gher level of surface AgC1 compared to cases where oxygen is

excluded from the solution (see Sec . 3.1), depth profiles using AES detection

were carried out on samp les which were reformed in deoxygenated aqueous KC1

(type C sample , Table 2) , air—saturated aqueous KC1 (type H sample, Table 2)

and oxygen—saturated aqueous KC1 (type I samp le, Table 2). The results

presented in Fig. 15 show that in all cases the AgCl is primarily confined to

t h e surface of the nodular reformed silver layer, with the chlorine peak

rapidly decreasing to a relatively low level as the profiling proceeds. From

the results presented here, we cannot definitively identify the source of this

res idual chlorine signal. It could arise from chlorine recombination with the

silver during sputtering; chlorine being knocked in during sputtering ; the

su rfaces of pores , voids and channels being uncovered during the sputtering

of such a rough surface (see Figs. 3 and 12);or a combination of these.

Altho ugh identica l profiles are found for silver in the various sample types ,

the chlorine profiles are differentiable on the basis of whether or not a

hi gh concentration of oxygen was present during the electrocheinical reformation

cycle (air or oxygen saturated conditions) or not (deoxygenated with nitrogen).

When the electrolyte was purged with nitrogen prior to the electrochemical cycle ,

the initial level of the chlorine signal is lower and reniains so during the

entire profile.

one trace species, the concentration of which is significantly reduced

as a consequence of the reformation process , is cyanide. Fig. 16 shows a 

-- .5 .5
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N t CS1 MS depth profile across the interface (albeit Ill—defined) of the

Lt’ t ormed layer and the bulk silver foil for the m/e 24 and 26 peaks. The

orni’r , c )  is seen to grow to a maximum at the apparent Interface and the’i

d i m i n i s h  as sputtering proceeds Into the bulk foil substrate. On the other

ha nd , the rn/ c  26 peak (predominate l y C N )  grows as the i n t e r l a c e  is

approached , and it is nearl y constant after the interface has been passed .

The sli ght decrease in this peak is indicative of a C~ hi , hydrocarbon con ri -

bution to it.

~.. 1)iscussion 

The foregoing results indicate that the clectrochemical reformation pro—

cedure which is prerequisite to the observation of enhanced Raman scattering

of adsorbed species yields a surface of increased activity (both with respect

La adsorption and electron transfer) of spongelike silver which is of much

higher purity than the precursor surface. The surface analy t ical resul ts

show unquestionably that sulfur and cyanide contaminate levels are drasticall y

reduced as a consequence of the electrochemical cycle . Although copper con-

tamination appears to take place during the cathodic step of this  cycle (as a

consequence of electrodeposition from the electrolyte), the level of this

imp urity is very iow and could probably be eliminated by electrolytic

purification of the solution. The determination of the degree of puri ty with

respect to anionic solution species which readily Ions insoluble silver salts

(e.g., chloride and bromide) is complicated by the ease with which oxygen and

hydrogen peroxide oxidize metallic silver. It should be noted , however , t h a t

at the cathodic potentials emp loyed to maximize or modu late the Raman intensity

enhancement in the use of pyridine adsorbate [5—7 ,10,11), these silver sa lt s arc 

~-- — --- .5-— --.
~~~~~
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readily reduced to silver metal and the corresponding halide ion. As such,

in the absence of dissolved oxygen, AgC1 and AgBr surface impurities (if present)

are comp le tely depleted with an applied negative potential. In cases where an

oxidant such as oxygen or hydrogen peroxide (formed as an intermediate in the

reduction of oxygen) is present in solution following the reformation process ,

the reaction of these molecules with metallic silver at cathodically poised

potentials would not lead to the formation of surface silver halides . The

observation of silver halide on electrochemically reformed silver by the surface

analysis techniques i; then simply an artifact of the coincident exposure of

these samples to aqueous chloride during removal from the electrochemical cell.

From a chemical point of view, the reforming process serves to purify

the silver surface , thus making the adsorption of any molecule or ion more

fac i le  (i.e., more active adsorption sites per unit electrode area are

formed). In addition , from a physical point of view, the total electrode area

Is increased by a f a c t o r  of three or four , as a result  of the nodular na ture

of the reformed silver. The surface roughness which results from the electro—

chemical  reductio n is therefore  quite high . This view of the surface provided

by surface spectroscopy and scanning electron microscopy supports those

theories of the enhancement of Raman sca t t er ing f r om these su r faces which

invoke the coup ling of surface plasmon states to the excited states of the

adsorbates [26 , 2 7 ] ,  jus t  as surface roughness is required for the coupling of

elect romagnetic radia t ion to these states [26 ,28 , 29] .  In these theories , the

s u r f a c e  rough ness is req u ired to have a Fou r ier component at k A 1 , where A

5 1f one chooses to th ink  of the product of the chemical oxidation of metall ic
s i lver  as intermediate  Ag~’ su r face  states , then these are certainly reduced by
cur ren t  f low to the surface more rapidly than they can react with solvated
hal ide  ions at the electrode—electrolyte in ter face .
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j - ; th e . ex cit a tion wavelength. This implies tha t the reformed silver surfae - c

-~i i~ iiId appear to he colored , as the excitation wavelengths w h i c h  have been used

~r~- In t he’ ~isih le ’ region of the’ spectrum . indeed , the electrochemica l l v

r~ ormed silver surf ices described above have a creamy yellow appearance.

~)n the other hand , mechanical abrad ing 18 ,9, 1 .~ 
j or inherent roughness st

vapor—deposi ted silver films 130 1 have apparentl y provided su f f i c i e n t  roughness

in experiments on adsorbed ~‘N and CO , respectively . Using  electrochemica l

r~ ugitt•u ing , Pet t inger - m d  Wenning have found that the relat lye’ Rarnan intensity

I n c r e a s e s  n m o n o t c i n i c a l  Iv  to ,m factor of greater t han  1O 3 as the  total charge

tran st erred is tn-reased over the range 0.01 — It) monolayers of silver [101 . We

have already described time microscop ic changes in the  surface tha t accompanies

t h i s  in c r e a s e  ( F i g .  3). As f a r  as we are awa re, there Is no theory of the Raman

en h an c e m e n t  in which this quantitative dependence of the scattered intensity on

li e ’ su r f a c e ’  roughness has been accounted for.

ih er e  has been one theory  proposed fo r  the a n o m a l o u s ly  h igh  Raman i n t e n s i -

t ies in one system which does not require any surface roughness [61. According

to thi s t heory, s p e c i f i c  ion adsorption occurs in a layer intermediate to the

-:k~- t i l  amid tim e scattering adsorhate . The anomalous scattering int ens ity has

then been qua l  i t at i v e~ v a scr ibed  to a chemical interact ion between the adsorba L e ’

md the ionic layer , i. e., the electronic structure of the adsorbate is modi-

fied so as to increase the Raman intensity. This theory , however , does not

account quantitative ly for the observed intensity enhancement.

the ’ surface spectroscopic stud ies reported here , however , show tha t the

reformed silver Is in a s ta t e  of e x t r a o r d i n a ry  chemical  p u r i t y .  I t  is ~~ ima r U v

m s i l v e r  s u r f a c e , q u i t e ’ f r ee  of oxygen , s u l f u r , cya nide and other  t y p i c a l

i m p u r i t i e s .  Some c h l o r i d e  is present as AgC I , r e s u l t i n g  f rom the simul taneous
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exposu re of the si lver su r f ace  to oxygen and aqueous chloride. Moreover , depth

prof il ing shows tha t the AgCl is primarily conf ined to the sur face  of the

r e fo rme d s i l v e r .

If any surface chloride is present , however , consideration should be

g iven to the possibility that the adsorbed Cl may itself inelastically

scatter radiation (i.e., as AgCl) .  Th~ s possibili ty is impor tan t since a l l

R amait studies of electrochemically reformed silver have noted the appearance

of a line at ~240 cm 1 , which is not due to pyridine , as it is easily dete cted

when p y rid i n e  is absent [i l l .

The infrared absorption spectrum of solid Ag CJ has i t s  maximum at

103 cm t [31].  As is well known , the obse rved transverse optical  (TO ) mode

of the AgCl c rys ta l  (which has ihe rock salt s t ruc tu re)  is the sum of a

mechanical  f requency u and an elec t romagne tic (dipole—di pole) coupling terni ,

wh ic h sh i f ts and sp lits the triply degenerate (F1
) op ti cal bra nch a t 0

In to the TO and the longitudina l optical (LO) mode [32]. The coup ling can be

calculated exactly, and it can be shown to be approximately 114 cm’* From

the  observed f requency and these calculations, w is found to have the value

o t  81 cm 1 . is related to the nearest—neighbor Ag—Cl stre tching force coim-

stant , f ,  by

= 2f(M~~ + m~~)

where H and m are the Ag and Cl masses , respectively [ 3 1 ] .

The Ag—Cl s t r e t c h i n g  force cons tant , together with  the dipole—dip le coup li n g

tha t  occu rs within one layer of AgCl , can be used to ca lcula te  a “sing le layer

frequency, ” which can then be compared to the observed Rama n line at ‘~24O cm~~

[34) .  In this  calculation , the image effects first discussed by Delanaye, 

-.5 ~- - -~~~~~~~~~~~~ - -- -- .5 -~~~~~~~~~~~~~ — - - - - . - -  - -- .5
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Lucas and Mahan [351 were u t i l i z ed . The in t r ins ic  dipole moment as well  as

t i l e  induced  momen t due to both  the externally app lied field and the field pro-

duced at the source molecule  b y the dipoles of a l l  o the r  molecules in ti m e

l a t t i c e ’  (adsorbed layer  + image ) were included.  The r e su l t  is that the

c a l c u l a t e d  v ibra t iona l  f requency  of a Ag C1 lay er , taking into account both

di p o l e — d i pole  coup l ing  and image e f f e c t s , is 140 cut ’1 . The ca l cu la t ion  makes

use of an effective ionic charge (dipole  derivative) for AgCl equal to

~~~ ~ esu g 2 , which  was derived by Jones , et al f rom dielec tric dispers ion

and i n f r a r e d  t ransmiss ion  experiments on thin crysta ls  of AgCl [311. However ,

it t he  e f f e c t i v e  charge for  AgCl in a monolayer were /~ that  in the bulk

c r y s t a l , the  ca lcula ted  Raman f requency for  a monolayer would be approxima tely

~OO cm ’1 . Agreement w i t h i n  a f ac to r  of 2½ wi th  the e f f e c t i v e  charge as

det e r m i n e d  f rom dielectric dispersion and transmission experiments on the

bu lk  Ag Cl c ry s t a l  in the f a r  inf rared  is reasonable , and we are therefore

in~ l ined  to assi gn the observed 240 cm~~ line as due to AgCl. Fur thermore ,

in a study of CN adsorbed on Ag, a Raman line was observed at 226 cm~~~,

whi ch was assigned to the Ag—C stretching mode [12]. Because of the chemical

similarity of AgC 1 and AgCN , this assignment is probably also correct.

The ease with which trace Cl and adsorbed CN can be detected by Raman

spe ct roscopy is another example of the intensity enhancement phenomenon which

occurs at a metal surface [27]. The detection of adsorbed Cl on silver by

Raman spec troscopy is significant because it was carried out on a surface

that was well—characterized by AES and SIMS. The fact that trace ions can thus

be detected in situ , on a metal in contact with aqueous electrolyte , gives

Raman spectroscopy a number of advantages over all particle spectroscopies, in

.5 —- —.5-- — .5 - -  ~ill~
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w h i c h  the sample must be withdrawn from the electro lyte , washed and dried

thoroughly, and then studied under ultrahigh vacuum conditions . In carry ing

out the se’ operations , it is possible if not probable that the nature of the

su r fe c e is changed. None of the particle spectroscop ies can direc tly y ield

structural information , and all of them are damaging to the sample in some

respect. 
- -

In th is  s tud y ,  however , the ’ part ic le  spectroscopies used were of great

value , in that they enabled independent chemical and physical characterization

of the electrochemically reformed silver surfaces. As a result of the combined

stud y of this surface using both particle and Raman spectroscopy , we have been

able to show that this particular surface is of extraordinary cleanliness,

The onl y significant surface contaminate has been shown to be Cl , and the

in situ observation of a strong Raman line at 240 cm ’1 (‘~5 x lO~ counts/see ) on

a polycrystalline silver surface which has simply been etched in aqueous KCI [lii,

is consistent with these determinations , and is a notable achievement.
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TABLE 1. Preparative Procedures

Step Description

1 Mechanical abrasion with grit number 320A, then number 600
abrasive paper.

2 Ultrasonic cleaning in doubly distilled water for 15 m m . ,  twice;
then air dried .

3 KC1 exposure (to provide a KC1 covered surface) by twice dipping
in 0.1 M KC1 followed by air drying .

4 Controlled potential anodization via linear sweep from —0.550 V
to +0.200 V at 1 mV/sa. (Charge passed ca 500 mCfcm2)b

5 Controlled potential cathodization via linear sweep from +0.200 V
to ~~~~~ V at 1 mV/sa.

6 Immediate washing with doubly distilled water followed by ultrasonic
cleaning in same for 5 mm ., then air dried .

7 Ultrasonic treatment for 15 m m .  in either (a) deoxygenated 0.1 M
KC1, (b) 02 saturated 0.1 M KC1 or (c) air saturated 0.1 N KC1 con—
tam ing ca 2 x l0~~ N H202; followed by ultrasonic cleaning as in b
above.

~~~~~~~~ conditions were varied , and are described in Table 2.

bThjck reformed layers were employed unless otherwise noted (see text). 

---- - ~~~~ 
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Sample TYPC
a Sample Preparation sequenceb

A 1-2

H 1—3

C 1 — 2 , 4, 6; anodization carried out in deoxygenated 0.1 K Kil .

1— 2 , 4, 6; anodization carried ou t  in deoxygenated 0.1 M KC1O~ ,
anodic potential limit was +0.400 V , after sweep potential was
held at timi s limit for 30 nu n.

1—2 , 4—5; anodization and tat imodization carried out in air
saturated 0.1 M KC1 , washed with doubly distilled wat er (no
ultrasonic trea tment), air dried .

F 1—2 , 4—5; anodization and cathodization carried out in air—
saturated 0.1 M NaC1

C 1—2 , 4—6; anodization and cathodization carried Out in
deoxygenatcd 0.1 M KC1.

H 1—2 , 4—6; anodization and cathodization carried out in air—
saturated 0.1 M KC1.

1-2 , 4—6; anodization and cathodization carried Out in
oxygen—saturated 0.1 N KC1 .

J 1—2 , 7a

K 1—2 , 7h

L 1-2 , 7c

I: 

a
1~ general at least 2 samples (typ icall y 4—5) of each type were characterized .

bprepar~ tive procethmres are given in Table 1. 

- - - . -- --- -— - - — - .- - —.- -—--- - 
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Table i. Comparison of AES peak—to—peak intensity ratios extrapolated to
zero electron beam exposure time for various preparations

Sur fac e Descr iption Sample Typea Average AES Intensity Ratios
b

Cl/A g S/Ag C/Ag C

Silver chloride C 1.98 d d

Reformed in oxygen-frei’
KCI solution C 0.27 d e

Reformed in air—saturated
KC1 solu tion H 0.39 d e

Reformed in 02 — saturated
KCI solut ion I 0.40 d e

Ultra sonically treated in
oxygen—free KC1 solution 3 0.32 0.22 0.28

Ultrason ically treated in
02—satura ted KC1 solution K 0.41 0.25 0.16

Ul t rasonically trea ted in
KC1 solution containing
0.2 mM H202 L 1.94 d d

a
Sample preparations detailed in Table 2.

b
Rat ios are from peak—to—peak height for the following transitions : S—iSO cV ,
Cl—iSO eV , C—270 eV and Ag—350 eV. All analyses carr ied out a t a primary
beam energy of 1 KeV and a beam current of 5 pA with the analyze r modula ted
at 3 eV.

~Where possible C was quantitated by correc tion for overlap with the Ag transi—
tion at 266 eV.

d
N t detected .

e
Trace detected , intensity too low to quantitate. 

~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ 



Table 4. Peak Assignments for SIMS -

/ 
Positively Charged Negatively Charged

m c Speci es Species

12 C~
13 CH+ CH

14 CR 2
+

16 0

17 011

19 F
+23 Na

24 C2
25 C211

26 C2H2 ,  CN

27 A1
+
, C2H3

+

32 S . 02

• 35, 37 Cl~ Cl

39 , 41

• 40 Ca+, Ar+

52 52Cr+

56 56Fe
+

63, 65 Ca+

70, 72 , 74 Cl 2
78 , 80 , 82 K2~
79 , 81 Br

107, 109 Ag
+

109 , 111 39Kc12
113, 115 39K2C1+

114 , 116 , 118 C1Br

124 , 126 AgOH+

133, 135 AgCN

142 , 144 , 146 AgCl~ AgCI

146 , 148 39~~~+

181 , 183, 185 3~KAgc l+

214 , 116 , 218 Ag2
+

249 , 25 1, 253 , 255 Ag2C1+



Figure Capt ions

1. Cycl ic voltammetric response for the reformation cycle carried out in 0.1 M
aqueous KC1: A — deoxygenated solution (N2 purge) and B — oxygen—saturated
solution . Scan rate was 1 mV/s.

2. Cyc l ic  vol tanmuet ry for oxygen reduction to 0.1 N aqueous KC1: A — oxygen—
free solution at mechanically abraded silver foil (type A surface , see
Table 2), B - oxygen—saturated solution at same electrode , C — oxygen-
saturated solution at electrochemically reformed silver surface (type C
su r face , see Table 2). Scan rate in all cases was 50 mV/s.

3. Scanning e l e c t r o n  micrographs of reformed silver surfac es: A — 50 m C/ cn i 2

charge passed , magnification x lOu ; B — 500 mC/cm 2 charge passed , magnifi-
cation x 1O~ ; and C — 500 mC/cnm2 charge passed , magnification x iO~ .

4. AES spectrum of mechanically abraded silver foil (type A samp le , Table 2).
Primary beam voltage : 3 KeV , beam current : 20 pA , analyzer modu lation:
3 eV.

5. AES spectrum of reformed silver foil not subjected to ultrasonic cleaning
(type E sample , Table 2). Analysis parameters as for Fig. 4.

6. AES spectrum of reformed silver foil subjected to ultrasonic cleaning
(type 11 samp le , Table 2). Analysis parameters as for Fig. 4.

7. AES spectrum of silver chloride f i l m  grown anodicall y of si lver f o i l
( typc C samp le , Table 2). Analysis parameters as for Fig . 4.

8. Comparison of electron beam and argon ion beam damage incurred by anod ically
grown silver chlor ide film (type C sample, Table 2). Curve A — AES ~m na1ys1~
dur ing  ion bombardment; AES primary beam energy : 1 KeV , pr imary beam
current: 5 pA , analyzer modulation : 3 eV; Ar+ ion beam energy : 1 KeV ,
ion current density: 30 pA/cm2. Curve B — as curve A without ion bombard-
ment. Ag and Cl peak— to—peak intensity measured for transitions at (50 and
180 eV , respec tively.

9. A: Static POSSIMS spectrum of silver foil anodized in aqueous KCI solut ion
(type C sample , Table 2). B: Static NEGSIMS spectrum of silver foil
anodized in aqueous KC1 solution (type C samp le , Table 2). Analysis
conditions : primary ion beam —l KeV argon at 15 nA/cm~ .

10. A : Static POSSIMS spectrum of electrochemically reformed silver surt ice’
(aqueous KC1) not washed ultrasonically (type E sanip lo , Table 2).
h : Static NEGSIMS spectrum of electrochemically reformed silver surface
(aqueous KC1) not washed ultrasonically (type E samp le, Table 2). Ana lysis
conditions identical to those of Fig. 9.

11. A: Static POSSIMS spectrum of electrochemically reformed silver surface
(aqueous KC1) ultrasonically washed after preparation (type H sample , Tabl e 2).
B: Static NECSIMS spectrum of electrochemically reformed silver surface
(aqueo us KC1) ultrasonically washed after preparation (type H sample , Tabl e 2).
Analysis cond itions identical to those of Fig. 9. 

— 
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12. Scanning  e lec t ron micrographa of ion bombarded si lver surfaces : A — in
the reformed silver layer , magn i f i ca t ion  2 x l0~~; B — in the bulk fo i l ,

- . m a g n i f i c a t i o n  x lO s .

13. A: Dynami c POSSIMS spectrum in the reformed silver layer ( type H sample ,
Table 2 ) .  B: 1)ynami c NEGS IMS spectrum in the reformed silver layer ( type
H sample , Table 2 ) .  Ana lysis condit ions : primary ion beam —1 KeV argon
at 7.5 pA/ cnr

14. A : Dynamic POSSIMS spectrum in the bulk silver foil (type A samp le, Table 2).
B: Dynamic NECSIMS spectrum in the bulk silver foil (type A sample, Table 2) .
Analysis condi tions identical to those of Fig. 13.

15. AES depth profiles for silver surfaces reformed electrochemically under
d i f f e r e n t  so lu t ion  condi t ions : A — deoxygenated aqueous KC1 (type C sample,
Table 2). B — air-saturated aqueous KC1 (type H sample , Table 2) and
C — oxygen—satura ted  KC 1 (type I sample , Table 2). Primary beam for AES
was 1 KeV at 5 pA target current. Silver transition at 350 eV and chlorine
t rans i t ion  at 180 eV were monitored . Sputtering conditions were argon at
1 Key and 25 pA/ cm 2 f o r  all  samples .

16. NEGSIMS depth p r o f i l e  of ni/e = 24 and 26 across the reformed si lver
laye r/bu lk  si lver fo i l  in ter face. Primary ion beam was 1 KeV argon at
500 pA/cm 2 . The samp le was of type C (Table 2) and had been sput tered
for several hours prior to recording this profile. 
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